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General Questions
• EIC  white paper- Understanding the glue that binds us 

all. How does binding depend on the glue?!

• What IS the relation between gluons and the nuclear 
binding energy? !

• Does such a relation depend on on GA (x,Q2) or on 
something else?!

• Does nuclear  binding depend on low x?!

• Can a relation such be studied at an EIC?



Motivation for  the specific:Deuteron Hidden-
Color, Six-Quark Contributions to the Deuteron 

b1 Structure Function arXiv:1311.4561v1 

HERMES
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Figure 2: Top: HERMES [9] measurement of the inclusive tensor asymmetry Azz(x) and xb1(x)
of the deuteron. Bottom : The tensor structure function b1(x) without x-weighting, which reveals
a steep rise as x → 0.
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Figure 2: Top: HERMES [9] measurement of the inclusive tensor asymmetry Azz(x) and xb1(x)
of the deuteron. Bottom : The tensor structure function b1(x) without x-weighting, which reveals
a steep rise as x → 0.
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Not future EIC measurement
High x -valence quark effect   !

!



Hidden color, 6-quark states
• Maybe deuteron has non-nucleon baryonic 

components	


• 6 quark contribution ~orthogonal to two nucleons	


• Dominated by hidden color (two color octets 
form a color singlet Harvey NPA32, 301	


• 6 quarks in same s state wave function:	


2

At very small values of x e⇥ects of shadowing (double scattering) are expected to be
important [8–10]. Our focus here is on the kinematic region of higher values of x that are
available to the JLab experiment. It is therefore natural to think of the nuclear Sullivan
mechanism [11], Fig. 1, in which an exchanged pion is struck by a virtual photon produced
by an incoming lepton. That the one-pion exchange potential OPEP gives a tensor force of
paramount importance in deuteron physics is a nuclear physics textbook item [12]. Indeed,
realistic deuteron wave functions can be constructed using only the OPEP along with a suitable
cuto⇥ at short distances [13–16]. Therefore it is reasonable to estimate the size of such pionic
e⇥ects. The present author did this in 1989 conference proceeding [4], finding that the e⇥ects
are small. See also [8]. However, as experimental techniques have improved dramatically,
the meaning of small has changed. Therefore, considering the planned JLab experiment, it is
worthwhile to re-assess the size and uncertainties of the pionic e⇥ects.

However, the Hermes experiment [3] presents an interesting puzzle because it observed
a significant negative value of b1 for x = 0.45. At such a value of x, any sea quark e⇥ect
such as arising from double-scattering or virtual pions is completely negligible. Furthermore,
the nucleonic contributions are computed to be very small [4–6], so one must consider other
possibilities. We therefore take up the possibility that the deuteron has a six-quark component
that is orthogonal to two nucleons. Such configurations are known to be dominated by the
e⇥ects of so-called hidden-color states in which two color-octet baryons combine to form a
color singlet [17]. In particular, a component of the deuteron in which all 6 quarks are in
the same spatial wave function (|6q�) can be expressed in terms on nucleon-nucleon NN ,
Delta-Delta �� and hidden color components CC as [17]:

|6q� =
⇥
1/9|N2�+

⇥
4/45|�2�+

⇥
4/5|CC�. (2)

This state has an 80% probability of hidden color and only an 11% probability to be a nucleon-
nucleon configuration. In the following, the state |6q� is simply referred to as hidden color
state.

The discovery of the EMC e⇥ect caused researchers to consider the e⇥ects of such six-quark
states [18] and in a variety of nuclear phenomena [19–21]. Furthermore, the possible discovery
of such a state as a di-baryon resonance has drawn recent interest [22]. Therefore we propose
a model of a hiden-color six-quark components of the s and d-states of the deuteron. We also
note that including a six-quark hidden color component of the deuteron does not lead to a
conflict with the measured asymptotic d to s ratio of the deuteron [23].

Sect. II presents the formalism for computing pionic contributions to b1. Sec. III presents
our simple model for the hidden color s and d states of the deuteron. Sec. IV compares the
e⇥ects of pions and hidden color with the existing Hermes data and makes predictions for the
upcoming JLab experiment. The sum rule of Close & Kumano [24] that

�
dx b1(x) = 0 is

discussed in Sec. V and summary remarks are presented in Sec. VI.

Review: Bakker and Cheung Prog.Part.Nucl.Phys. 74 (2014) 
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FIG. 5: Computed values of b1 = b�1 + b6q1 from Eq. (20) and Eq. (26). The pion structure function
is that of [29], model 1

does contribute at larger values of x. One may roughly think of the prediction for the JLab
experiment as arising from b�1 for x < 0.2 and from b6q1 for x > 0.2.

V. SUM RULE OF CLOSE & KUMANO [24]

Close & Kumano found a sum rule that the integral of b1(x) vanishes:
�

dxb1(x) = 0, (28)

TABLE I: Measured values (in 10�2 units) of the tensor structure function b1. Both the statistical
and systematic uncertainties are listed. The numbers in parenthesis refer to the structure function
modes of Ref. [35] .

�x⇥ �Q2⇥ b1 ±�b1
stat ±�b1

sys b�1 [29] b
�
1 [35] (1) b�1 [35] (3) b6q1

[GeV2] [10�2] [10�2] [10�2] [10�2] [10�2] [10�2] [10�2]

0.012 0.51 11.20 5.51 2.77 10.5 15.5 24.1 0.00

0.032 1.06 5.50 2.53 1.84 5.6 6.8 8.9 0.00

0.063 1.65 3.82 1.11 0.60 4.2 3.7 4.1 0.00

0.128 2.33 0.29 0.53 0.44 1.6 1.3 1.3 0.01

0.248 3.11 0.29 0.28 0.24 -0.55 .13 0.12 0.41

0.452 4.69 -0.38 0.16 0.03 -0.02 -0.02 -0.022 -0.38
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Can reproduce data, so far	

JLab experiment needed to test	


no other known  mechanism contributes at the higher  values of x 	


Phys.Rev. C89 (2014) 4, 045203

6q reproduces high x point



See hidden color at EIC?

  

Diffraction at HERA

M. Sievert 2 / 9Studying the Nuclear Force with an EIC

Hard Exclusive Meson Production at small-x

● Photon fluctuates into a quark dipole 

● Scatters by gluon exchange.

Separation of time scales

● Dipole wave functions fairly long-lived

● Gluon field is Lorentz contracted and nearly instantaneous

Separation of transverse length scales

● Dipole size controlled by Q2 and heavy quark mass

● Small dipole scatters in the long-wavelength gluon field of 
the nucleon.

Step 1
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Deuteron Breakup

M. Sievert 3 / 9Studying the Nuclear Force with an EIC

Hard Exclusive Meson Production on a Deuteron Target

● Same factorization into dipole WF and gluon matrix element.

● Gluon operator as a transition matrix element from the deuteron to NN state

● “Transition GPD”

Step 2

Final neutron and proton momentum ? to photon momentum

High p? provides unique look at nucleon-nucleon interactions



Hidden color in Deuteron 

2

Despite the long-time speculation regarding the existence of hidden-color there is no ev-
idence for the existence of hidden color in nuclei or in the deuteron except for one possible
data point [16, 22] . The proposed EIC is expected to help in this because

• High energy and luminosity lead to large production rates for heavy vector mesons

• Allows “snapshot” probe of the deuteron state calculable in pQCD

Therefore we propose that the high energy reaction � +D ! J/ + np in which the final
state neutron and proton have a measured relative momentum p? perpendicular to the beam
direction can be used to probe the nuclear color charge distribution. The idea is as follows:
The � converts to J/ by emitting two gluons. If p? > 1GeV is perturbatively large, then
it cannot be accommodated by the soft momentum width ⇠ 0.3 GeV of the deuteron wave
function, and the dominant reaction proceeds only if one gluon lands on one baryon and the
other gluon lands on another baryon. To have a final color-singlet state, the struck baryon-
baryon system in the initial (final) state must be in a color octet-anti-octet hidden color state.

• In the pQCD calculation, the dominant process is the final-state exchange, not the direct
“hidden color” process in the initial state drawn here. But if the NN matrix element
factorizes, then it is indeed related to the transition to the hidden color state in the
wave function.

See Fig. 1. Is the following true? We show that the signature of the presence of such
components in the nuclear wave function would be a slow power-law fall o↵ of the produc-
tion cross section with increasing values of p?, in contrast with the results of conventional
mechanisms.

?

1

?

1

1

1

1

� J/�

g

g g
n

n

p
p

8

8

FIG. 1: Representative diagram in which two gluons land on two di↵erent baryons requiring an 88
configuration. One needs also to include terms in which the gluon exchange is in the final state.

In the caption I ignore terms in which a gluon emitted in the initial state is absorbed in
the final state. A fluctuation NN ! NNg can’t live long enough to do that.
This e↵ect seems very small for large p? -too many propagators
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Motivation

M. Sievert 1 / 9Studying the Nuclear Force with an EIC

● What is the role of QCD degrees of freedom in the 

core of the nuclear potential? Quarks?

Gluons?

Brodsky-Farrar

Landshoff

● QCD power counting suggests hard NN scattering 

should be dominated by gluon exchange (Landshoff 

mechanism).

● But experiment shows a strong preference for quark 

exchange (Brodsky-Farrar mechanism).  Why?

Botts Sterman 1989

Long standing questions !
origin of high t scattering



  

“Conventional” Nucleon-Nucleon Scattering

M. Sievert 4 / 9Studying the Nuclear Force with an EIC

One nucleon diffracts, the other is a spectator

● Diffractive scattering is the same as at HERA.

● NN pair scatters in the final state and emerges back-to-back.

NN scattering as final state interaction
Can make reasonable estimates using known cross sections



Numerics 

FIG. 14. Selected data for J/ψ photoproduction at HERA. The data and the fit (77) are taken

from Ref. [31], corresponding to a photon-proton center-of-mass energy
√
s = W between 50 GeV

and 70 GeV.

Note that the |T | dependence is exponential, reflecting the nonperturbative gluon distribu-

tion of the target, while the p′21T ∼ |t| dependence is a power law, reflecting the perturbative

exchange of hard gluons9. Using the values specified above, we obtain for the fully differential

case

dσD

dT dt dy′1
≈
[
2.1

pb

GeV4

](
1 GeV

p′1T

)4

(80)

and for the pT -integrated case,

dσD

dT dy′1
≈
[
4.1

pb

GeV2

](
1 GeV

pT,min

)2
(

1−
p2T,min

p2T,max

)

≈
[
2.3 (3.7)

pb

GeV2

]
Roman pot (Full) (81)

The ZEUS data corresponds to an integrated luminosity of only 38 pb−1, which provided

sufficient statistics out to |T | = 1.5 GeV2. This is a useful baseline to estimate how easily

the deuteron photodisintegration process could be measured at an EIC, by determining the

integrated luminosity necessary to achieve comparable statistics to ZEUS’ |T | = 1.5 GeV2

data point10. Requiring the number of proton events N corresponding to an integrated

luminosity of LZEUS = 38 pb−1 in the |T | = 1.5 GeV2 bin at ZEUS to be equal to the

9 Dipole model frameworks, along the lines employed here, provide excellent fits to the combined ZEUS and

HERA data for exclusive vector meson production [37].
10 We note that this ZEUS data is taken for 50 GeV < W < 70 GeV .
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� + p ! J/ + p

FIG. 15. Proton-neutron elastic scattering cross-sections as a function of the nucleon-nucleon

invariant mass sNN . The data points are interpolated to θCM = 60◦ from the data tables of [58].

cross-section at 60◦ prefers a power law dσ
dT ∼ s−8.04

NN , rather than the s−10.40
NN dependence

shown by the 90◦ data.

Using the NN cross-sections of Fig. 15 in (73), we obtain the cross-sections for J/ψ

photoproduction with hard deuteron breakup shown in Fig. 16. Using the same criterion

of Eq. (82) to determine the necessary integrated luminosity at an EIC, we obtain the plot

shown in Fig. 17. A detection threshold of 2 fb−1 is also shown, obtained from a conservative

estimate in Eq. (84) of 0.1 fb−1/wk (average luminosity of 1.6 ·1032/cm2/sec) for the average

instantaneous luminosity and assuming an operating time of 20 weeks out of the year. The

result, shown as the red line in Fig. 17, suggests that in this time frame an EIC could

measure this breakup process on realistic nucleons out to sNN ∼ 12 GeV2 with the same

level of statistics obtained at HERA. With more generous estimates of the EIC luminosity,

this limit could extend out to sNN ∼ 18 GeV 2.

V. SUMMARY

We considered here the process of back-to-back electro- or photo-production of high trans-

verse momentum protons and neutrons accompanied by J/Ψ production in DIS scattering

off the deuteron. Such a process, which is a unique measurement at a future Electron-Ion

Collider (EIC), offers the striking possibility of using high energy quark-antiquark dipole

pairs of varying size to probe short-distance correlations between protons and neutrons at

41

High angle np scattering

 arXiv:1512.03111

FIG. 16. Cross-sections for J/ψ production with deuteron breakup using proton-neutron scattering

data. The valence-quark toy model (red dashed curve) of (80) has a smaller magnitude at low sNN ,

but a slow decrease with energy as s−2
NN . The fit (73) taken from NN scattering data (blue solid

curve) has larger magnitude at low sNN due to nonperturbative form factors, but a very fast

decrease with energy as s−8
NN .

much lower energies. To leading order, the nonperturbative matrix element characterizing

the scattering, is a novel gluon Transition Generalized Parton Distribution (T-GPD), which

is sensitive to the underlying structure of the short range nucleon-nucleon potential. Mea-

surements of the T-GPD at an EIC can therefore significantly constrain models of the short

range nuclear force.

When the relative transverse momentum pT of the outgoing proton and neutron are large

(with the center of mass energy of this subsystem expressed as sNN ∼ 4p2T ), perturbative

computations of the scattering are feasible. We performed such a toy model computation

with the nucleons replaced by valence quarks which demonstrated the importance of so-

called “pinch singularities” – these ensure that the intermediate “nucleon” states are close

to being on-shell. This permits a factorization, for large sNN asymptotics, of the T-GPD

into a convolution of the deuteron wavefunction, the absorption of a color octet gluon by

each of the intermediate nucleons, and final state octet gluon exchange between the two

nucleons that ensures they remain color singlets.

The full perturbative computation is quite challenging even at leading order. Neverthe-

less, it bears strong similarities to a vast literature on large angle elastic nucleon-nucleon

scattering at high energies. The previous research addressed the relative importance of
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� +D ! J/ + n(p?) + p(�p?)

Inputs:

Output:

nucleon invariant mass is 1
2s.) Putting it all together, one then obtains

dσγD→V NN

dTdtdy
=

1

π2

∣∣ΨD(0,
1
2)
∣∣2
[
dσγN→V N

dT

]

T=−∆2
T

[
dσNN→NN

dTNN

]

TNN=−p′2
1T

(73)

In the next Section, we will discuss the rates obtained from this cross-section at an EIC.

IV. ESTIMATION OF RATES

Diffractive J/ψ electro- and photo-production events were previously measured at HERA

on a proton target for a range of energies corresponding to the photon-proton subprocess.

The analogous measurement of interest here is of small momentum transfer exchange T ≈ 0

but with the target deuteron undergoing an additional interaction causing it to disintegrate

with high pT ; this process will clearly be suppressed compared to the leading order process

in which the target remains intact. We will now address the question of what this margin

of suppression is. Further by comparing with the kinematics from the HERA data, we will

attempt to determine how readily accessible such a process should be at a future EIC.

As a warmup, we will first do this estimate directly using the pQCD calculation of

Section III.1 in which the nucleons are treated as single valence quarks. We will then

generalize this treatment to the more realistic case discussed in Section III.2. The asymptotic

power counting we will obtain for the former is likely very optimistic and may therefore be

considered as an absolute upper bound to the rates one obtains with the latter at very high

pT . In the toy example, if we integrate Eq. (68) over a finite window in p′1T to implement

a finite detector acceptance, and to restrict the kinematics to the regime of validity of our

calculation, we obtain

dσD

dT dy′1

∣∣∣∣
α′≈1

2

=

[
1

6π

α2
s

N2
c

∣∣ΨD(0,
1
2)
∣∣2

p2T,min

(

1−
p2T,min

p2T,max

)]

× dσN

dT
. (74)

The requirement that the invariant momentum transfer |T | ≈ ∆2
T to the NN center of mass

be small compared to the transverse momentum p′21T of the final state nucleons and that

∆− ≈ sNN
s q− does not grow beyond the small-x regime of Glauber gluon exchange gives the

bound

Max{1 GeV 2, 1
4 |T |} ≪ p′21T ≪ |T |

4xeff
. (75)

For |T | ≈ (ΛQCD)2 ≈ 0.04 GeV2, Q = 0,MV ≈ 3.1 GeV and s ≈ (90 GeV)2 for an EIC,

we obtain via Eq. (20) that xeff ≈ 1.2 × 10−3. This results in a window of validity of

1 GeV2 ≤ p′21T ≤ 8.4 GeV2.
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Section III.1 in which the nucleons are treated as single valence quarks. We will then

generalize this treatment to the more realistic case discussed in Section III.2. The asymptotic

power counting we will obtain for the former is likely very optimistic and may therefore be

considered as an absolute upper bound to the rates one obtains with the latter at very high

pT . In the toy example, if we integrate Eq. (68) over a finite window in p′1T to implement

a finite detector acceptance, and to restrict the kinematics to the regime of validity of our

calculation, we obtain

dσD

dT dy′1

∣∣∣∣
α′≈1

2

=

[
1

6π

α2
s

N2
c

∣∣ΨD(0,
1
2)
∣∣2

p2T,min

(

1−
p2T,min

p2T,max

)]

× dσN

dT
. (74)

The requirement that the invariant momentum transfer |T | ≈ ∆2
T to the NN center of mass

be small compared to the transverse momentum p′21T of the final state nucleons and that

∆− ≈ sNN
s q− does not grow beyond the small-x regime of Glauber gluon exchange gives the

bound

Max{1 GeV 2, 1
4 |T |} ≪ p′21T ≪ |T |

4xeff
. (75)

For |T | ≈ (ΛQCD)2 ≈ 0.04 GeV2, Q = 0,MV ≈ 3.1 GeV and s ≈ (90 GeV)2 for an EIC,

we obtain via Eq. (20) that xeff ≈ 1.2 × 10−3. This results in a window of validity of

1 GeV2 ≤ p′21T ≤ 8.4 GeV2.
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FIG. 17. Integrated luminosities at an EIC needed to detect J/Ψ production in the deuteron

breakup process with a given NN invariant mass sNN . With statistics from 20 weeks of running

assuming a luminosity of ∼ 1.6 ·1032/cm2/sec (black dashed line), a reasonable reach of ∼ 12 GeV2

can be obtained.

large sized Fock state configurations–the so-called Landshoff processes–where independent

quarks in a nucleon each scatter off a partner in the oncoming nucleon, versus the impor-

tance of point like Fock configurations. In the latter, all the valence quarks participate in

a single short-distance hard scattering. Quark counting rules devised for these processes

give a different asymptotic sNN dependence from the Landshoff process. Understanding

these asymptotics, and extending our understanding to lower sNN is esential for uncovering

the parton structure of short range nuclear forces. Further, as discussed, the elastic scat-

tering studies suggest a strong spin dependence to this parton structure, and the possible

contribution of hitherto unobserved multi-parton configurations.

Towards this end, exploiting the lessons from our toy model study and the extant litera-

ture, we made an ansatz that the cross-section for this process factorizes into a product of

the squared deuteron waven function, the photoproduction cross-section for diffraction J/Ψ

production, and the neutron-proton elastic scattering cross-section. We note that our ansatz

relied on a configuration where the two gluon exchange from the quark-antiquark dipole is

off one of the nucleons, with a subsequent color-singlet exchange between the nucleons. As

we discussed, other configurations are also feasible. With this ansatz, we were able to use

information on the deuteron wavefunction (articulated in the appendix), data from HERA

on exclusive photoproduction of J/Ψ and data on neutron-proton elastic scattering cross-
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“Exotic” Nucleon-Nucleon Scattering

M. Sievert 5 / 9Studying the Nuclear Force with an EIC

New channels: The diffraction and rescattering can be color-correlated

● Although the net color of the gluons is zero, each carries an octet color charge.

● At short distances they can excite both nucleons into a color octet state.  

● Couples to “gluonic form factors” analogous to the electromagnetic form 
factors.

● The NN scattering then neutralizes the octet color.
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New channels: The diffraction and rescattering can be color-correlated

● Although the net color of the gluons is zero, each carries an octet color charge.

● At short distances they can excite both nucleons into a color octet state.  

● Couples to “gluonic form factors” analogous to the electromagnetic form 
factors.

● The NN scattering then neutralizes the octet color.

Diffraction opens new channels for NN scattering

● Octet component to Landshoff mechanism is possible. 

● Direct analog to pQCD calculation mediated by 1-gluon 
exchange.

● Building block of the octet potential for the “hidden color” 
state of the deuteron.
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octet-octet* to!

NN!
New way to study NN force 



  

Summary

M. Sievert 9 / 9Studying the Nuclear Force with an EIC

● Through diffraction, a high-energy EIC can be used to study lower-energy nuclear physics.

● High-p
┴
 breakup of a deuteron can be used to measure interesting NN scattering channels. 

● Diffraction is sensitive to exotic NN physics, including “hidden color” octet nucleons.

● Even if only conventional NN physics is accessible, the process is definitely measurable at 
an EIC and can discriminate between Landshoff and Brodsky-Farrar mechanisms.

● A wide variety of similar processes in nuclei can be studied at the EIC.


